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exception of one sample from Taiwan, chemometrics indicated that the IM samples differed from the AR samples (cluster A) in some properties and were grouped into three clusters (clusters B, C, and D). Cluster B samples had properties that were similar to the CA samples; cluster C samples had lower gelatinization temperature and peak viscosity but greater percentages of amylose and A chains than the AR samples; and cluster D samples had lesser paste breakdown but greater final viscosity and percentage of B1 chains than the AR samples. Kernel width, color, and chalk were the primary sources of variation in milled rice appearance. In relation to structure and functionality, the percentages of amylopectin A and B3 chains and amylose content were the major sources of variation.
The Federal Grain Inspection Service (FGIS) of the U.S. Department of Agriculture classifies milled rice with kernels having a length-to-width ratio of 2.0-2.9 as a medium-grain type, and kernels with this ratio equal to or less than 1.9 as a short-grain type (USDA 2014). Medium-grain and short-grain rices primarily belong to subspecies japonica and are generally adapted to cool-weather areas (Efferson 1985) . Medium-grain rice is the main staple of some consumers in Northeast Asia, Australia, West and Central Africa, Italy, parts of Western and Southern Europe, Latin America, and the Caribbean (Ferrero 2007; Calingacion et al. 2014) . Some Asian countries (e.g., Bangladesh, Sri Lanka, and China) grow short-grain, aromatic varieties with small, round kernels that are highly prized and bring premiums at local markets (Efferson 1985) . Short-grain, nonglutinous rice with a white-core type of chalk is preferred in the manufacture of sake, a popular alcoholic beverage in Japan (Okuda et al. 2006) .
Combined medium-and short-grain rice production in the United States was 2.8 million metric tons in 2015, and it accounted for more than one-fourth of the U.S. rice production (Childs 2016) . Since 2014, the mid-South rice-growing region has attained a largerthan-normal share of U.S. medium-and short-grain rice production owing to reduced acreage in California (CA) resulting from irrigation water shortages. The exports and imports of these grain types in 2015 were 1.7 and 0.2 million metric tons, respectively, with imports accounting for 11% of the U.S. medium-and short-grain rice domestic consumption (Childs 2016) . Northeast Asia, North Africa, and the Middle East are significant export markets for U.S. mediumand short-grain rice (Childs 2016) . Domestically, U.S. medium-and short-grain cultivars are preferred for breakfast cereals, pudding, baby food, and brewing (Wilkinson and Champagne 2004) . Calrosetype cultivars are generally used in making California rolls and localized sushi products (Wilkinson and Champagne 2004; Bryant et al. 2013) .
Cultivar, growing environment, and postharvest handling are known to influence milled rice quality. This work compared the kernel appearance, functional properties, and starch structural features of medium-and short-grain rice cultivars grown in Arkansas (AR) with those grown in CA and with samples imported from different regions of the world. Specifically, the objectives were to determine common and unique quality traits among U.S. and imported rice cultivars and to identify the underlying starch properties that impact such traits. The results may provide a better understanding of the quality traits of importance to the medium-and short grain rice markets.
MATERIALS AND METHODS
Rice Samples. The milled rice samples (Table I) consisted of six samples from AR, five samples from CA, and 14 samples imported (IM) from various countries (Bangladesh, Bhutan, China, India, Italy, Mexico, and Taiwan). All AR samples were obtained from the 2014 crop and milled in a laboratory. Milled rice samples from China and Taiwan were gifts from research colleagues; all other samples were purchased from grocery or specialty stores in the northwest AR area during the first quarter of 2015. The AR samples and one IM sample from Bhutan were milled to a target surface lipid content of 0.4%, and head rice (milled kernels that are 3/4 or more of the original kernel length) were separated from broken kernels with a double-tray shaker. All samples were kept in sealed plastic jars and stored at room temperature prior to testing.
Kernel Appearance. Chalk measurements were performed on duplicate 100-kernel milled rice samples with an image analysis system (WinSeedle Pro 2005a, Regent Instruments, Quebec, Canada). Head rice color was measured by the L*a*b* color-space principle with a colorimeter (ColorFlex, Hunter Associates Laboratory, Reston, VA, U.S.A.). The color indices L* (black to white), a* (green to red), and b* (blue to yellow) were measured simultaneously; however, only L* and b* are important in characterizing milled rice color (Good 2002) . Kernel dimensions (length, width, and thickness) of duplicate 1,000 kernel samples were measured with a digital image analysis system (SeedCount 5000, Next Instruments, Condell Park, NSW, Australia). Surface lipid content was determined with a lipid extraction system (Soxtec Avanti 2055, Foss North America, Eden Prairie, MN, U.S.A.) according to AACC International Approved Method 30-20.01 with modifications by Matsler and Siebenmorgen (2005) .
Chemical Components. Milled rice flour samples were obtained by grinding head rice in a laboratory mill (cyclone sample mill, Udy, Fort Collins, CO, U.S.A.) fitted with a 0.5 mm screen. The flour was used to determine apparent amylose content by iodine colorimetry (Juliano 1971) , moisture content by an oven-drying method (AACCI Approved Method 44-15.02), crude protein by a micro-Kjeldahl method (AACCI Approved Method 46-13.01), and mineral content by a rapid dry-ashing method (AACCI Approved Method 08-03.01). Duplicate measurements were taken for each flour sample. Starch samples were prepared from milled rice flour by extraction with dilute alkali (0.1% NaOH), followed by lipid removal with water-saturated n-butyl alcohol (Patindol and Wang 2002) .
Amylopectin Chain-Length Distribution. Amylopectin chain-length distribution was characterized by high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Defatted rice starch (10 mg) was mixed with 3.2 mL of deionized water, heated in a boiling water bath for 30 min, cooled to room temperature, and the pH adjusted with 0.4 mL of 0.1M acetate buffer (pH 3.5). Isoamylase (10 µL, 10 U, Pseudomonas isoamylase, Megazyme International, Bray, Ireland) was added, and the mixture was incubated in a water bath shaker at 45°C with stirring at 150 rpm for 2 h. The pH of the mixture was neutralized by adding 0.21 mL of 0.2M NaOH, heated in a boiling water bath for 15 min, and allowed to cool at room temperature for 5 min. A 1.5 mL aliquot was centrifuged at 5,000 × g for 5 min in a nonstick Eppendorf tube to remove insoluble materials. Supernatant (0.6 mL) was used for the HPAEC-PAD analysis with a Dionex ICS-3000 ion chromatography system (Dionex Corporation, Sunnyvale, CA, U.S.A.) with an AS40 automated sampler, a 50 mm CarboPac PA1 guard column, and a 250 mm CarboPac PA1 analytical column. Two eluent systems (eluent A, 150mM NaOH; and eluent B, 500mM NaNO 3 in 150mM NaOH) were used to separate the branch-chain fractions by gradient elution. Gradient flow rate was 1.0 mL/min, starting with 94% eluent A and 6% eluent B. The proportion of eluent B (with respect to eluent A) was increased to 8, 13, 20, and 25% at 11, 31, 81 , and 101 min, respectively. Eluent gradient was reverted to 94% eluent A and 6% eluent B at 106 min until the end of the test (at 130 min). Duplicate measurements were taken for each starch sample.
Gelatinization Properties. Milled rice flour gelatinization properties were assessed with a differential scanning calorimeter (DSC) (Pyris Diamond, Perkin Elmer Instruments, Shelton, CT, U.S.A.). Flour (4.0 mg, dry basis) was weighed into an aluminum DSC pan, and 8 µL of deionized water was added by a microsyringe. The mixture was hermetically sealed and equilibrated at room temperature for at least 1 h before initiating a scan. Thermal scans (thermograms) involved heating the sample from 25 to 120°C at a rate of 10°C/min. The instrument was calibrated with indium, and an empty pan was used as a reference. Onset, peak, and conclusion gelatinization temperatures (GTs) (T o , T p , and T c , respectively) and gelatinization enthalpy were calculated from each thermogram using the instrument software, Pyris. GT range was calculated as T c -T o . Duplicate measurements were taken for each flour sample.
Pasting Characteristics. Flour pasting properties were determined with a viscometer (Rapid Visco Analyzer, model 4, Perten Instruments, Springfield, IL, U.S.A.). A slurry was prepared by mixing 3.0 g of rice flour (12% moisture content basis) with 25.0 mL of deionized water in a canister. The slurry was stirred at 960 rpm for 10 s, stirred at 120 rpm for 1.0 min at 50°C, heated from 50 to 95°C at 11.2°C/min, held at 95°C for 2.5 min, cooled to 50°C at 11.2°C/min, and held at 50°C for 1.0 min. The pasting properties measured included peak viscosity (PV), hot paste viscosity (trough), final viscosity (FV), breakdown (BD), setback (SB), and total SB (TSB). Paste BD was calculated as PV minus trough, SB as FV minus PV, and TSB as FV minus trough. Duplicate measurements were taken for each flour sample.
Statistical Analysis. JMP software version Pro 12.0.1 (SAS Institute, Cary, NC, U.S.A.) was used in the analyses of the experimental data. Ward's hierarchical cluster analysis was used to sort the 25 samples according to similarities and differences in gelatinization and pasting characteristics. Tukey's honestly significant difference test was used to detect significant differences among cluster means. Principal component (PC) analysis on correlations was performed to obtain a simplified view of the relationship among rice cultivars (sample loading) and between starch/structural feature and gelatinization/pasting property (variable loading). Bivariate correlation analyses were performed by the Pearson product-moment approach.
RESULTS AND DISCUSSION
Kernel Appearance. Milled rice appearance may be largely described in terms of kernel size and shape, color, translucency, chalkiness, and uniformity. Milled rice kernel images of eight samples (Arborio, Caffey, Jupiter, Kalijira, Kokuho Rose, Maap, Morelos, and Taikeng 9) are shown in Figure 1 . Arborio is an Italian rice with characteristic large, bold, chalky kernels and is typically used in making risotto (Wilkinson and Champagne 2004) . Caffey and Jupiter are U.S. Southern medium-grain cultivars (Sha et al. 2006; Blanche et al. 2012) . Kalijira is an aromatic rice from Bangladesh with distinctive small kernels (Khush 2000) . Kokuho Rose is a commercially produced, premium quality, Calrose-type rice from CA (Mackill and McKenzie 2003) . Maap is a red-pericarp rice from Bhutan that displays a pale pink endosperm upon milling (Patindol et al. 2006) . Morelos is a Mexican rice primarily intended for sopa seca dishes (Chávez-Murillo et al. 2011 ). Taikeng 9 is a hybrid rice from Taiwan and is known for its high g-amino butyric acid content (Chen et al. 2016 ). The ranges and means for the physical characteristics of head rice from each of the 25 milled rice samples are listed in Table II . Based on the FGIS classification of rice according to milled kernel lengthto-width ratio (L/W) (USDA 2014), the AR samples comprised four medium-grain and two short-grain types, even though all samples were bred and commercialized as medium-grain type (Table I) . Four CA samples were medium-grain and one was short-grain. Three IM samples were medium-grain, including Kalijira, Morelos, and Sona Masoori (from India); the rest of the 11 IM samples were short-grain types. Arborio (L/W = 1.8) was classified as short-grain despite its unusually large and bold kernels, whereas Kalijira (L/W = 2.1) was classified as medium-grain even though its kernels were inexplicably small. The AR samples tended to have less whiteness (L*) than the CA samples; however, yellowness (b*) was comparable for both sample groups. The IM samples had whiteness and yellowness values that varied widely. Maap had pale pink endosperms after bran removal but unusually gave a high L* value of 76.1. The samples from China were characterized by lower L* (70.5-73.4) and higher b* (14.6-18.1), whereas the samples from Taiwan showed the opposite trend, with ranges of 72.7-75.8 for L* and 10.3-12.4 for b*. The percent chalk ranged from 0.6 to 59.2%; it was highest for Arborio ( Fig. 1) and lowest for Dandong, a sample imported from China. The percent chalk of U.S. samples (AR and CA) was less than 6%, except for one CA sample (Baek Se Mee, distributed by a South Korean company called Haitai USA), in which the percent chalk was 13.7%. For U.S. grade 1 and grade 2 milled rice, the maximum limits for percent chalk are 5.0 and 8.0% (by weight), respectively (USDA 2014). The considerably high percentage of chalk in the IM samples Arborio (59.2%) and Morelos (29.7%) indicates that kernel chalkiness may be desirable in some specific rice cooking applications or end uses.
Based on PC analysis on correlations, a total of eight PCs fully explained the variance for kernel appearance measurements (data not shown). A similarity map based on PC1 and PC2 loadings is presented in Figure 2 . PC1 (Eigen value = 3.2) and PC2 (Eigen value = 2.5) accounted for 39.4 and 30.9%, respectively, of the total variation in kernel physical properties. Kernel width was the most important component of PC1 (r = 0.75), and that of PC2 was kernel yellowness (r = 0.67). Except for Arborio, Kalijira, and Sona Masoori, the PC1 and PC2 of the samples were mainly loaded on the second ( _ x, +y) and fourth (+x, _ y) quadrants and followed a linear pattern (Fig. 2) . This indicates the unique kernel characteristics of Arborio, Kalijira, and Sona Masoori in comparison with the rest of the samples. In fact, Arborio, Kalijira, and Sona Masoori were easy to distinguish by visual inspection. Arborio had the highest percent of chalk and largest kernel dimensions (length, 6.6 mm; width, 3.6 mm; and thickness, 2.5 mm); Kalijira had the smallest kernel dimensions (length, 4.1 mm; width, 1.9 mm; and thickness, 1.4 mm) and less chalk (2.0%). The L/W of Sona Masoori was unusually high (L/W = 2.8); those of the other samples ranged from 1.6 to 2.2. The chalkiness of Sona Masoori was also low (1.2%). Bivariate correlation analysis (data not shown) indicated that none of the kernel appearance variables significantly correlated with chemical and starch properties except for chalkiness and yellowness. Chalkiness positively correlated with mineral content (r = 0.40), and yellowness correlated with crude protein content (r = 0.53). 
Length (L) (mm) 5.4-5.8 (5.6a) 5.0-5.8 (5.6a) 4.1-6.6 (5.2a) Width (W) (mm) 2.7-3.0 (2.9a) 2.9-3.0 (2.9a) 1.9-3.6 (2.9a) Thickness (mm) 2.1-2.2 (2.1a) 2.0-2.2 (2.1a) 1.4-2.5 (2.1a) L/W ratio 1.9-2.1 (2.0a) 1.7-2.0 (1.9a) 1.6-2. z Values for each property are averages of duplicate measurements for each cultivar. In a row, means bearing a common letter are not significantly different at P < 0.05; n = number of cultivars evaluated. Origins: AR = Arkansas; CA = California; and IM = imported. Gelatinization and Pasting. A wide range of gelatinization and pasting characteristics were represented by the 25 milled rice samples, some of which are illustrated in Figures 3 and 4 . Ward hierarchical cluster analysis of the data on gelatinization and pasting characteristics resulted in a dendrogram shown in Figure 5 . Starch structural features lacked decent correlations with kernel appearance variables (data not shown), so it was decided to focus on the gelatinization and pasting data for the cluster analysis. Based on similarities and differences in gelatinization and pasting properties, the 25 samples were grouped into four major clusters that were arbitrarily designated as clusters A, B, C, and D. The clustering sequence in the dendrogram was as follows: cluster C was joined to cluster B by 4.0 Ward dissimilarity units; clusters B and C were joined to cluster A by 5.8 units; and then clusters A, B, and C were joined to cluster D by 10.2 units. Cluster A consisted of all six AR samples and 1 IM sample (Tainong 71 from Taiwan). Cluster B consisted of all five CA samples and three IM samples (Taikeng 9 and Taikeng 16 from Taiwan, and Panjin from China). Cluster C consisted of five IM samples (Arborio and four samples from China), and cluster D exclusively consisted of five IM samples (Kalijira, Maap, Morelos, Sona Masoori, and a sample from Taiwan, Taichung 1).
The ranges and means for gelatinization and pasting properties of the four clusters are summarized in Table III . The AR samples (cluster A) had higher onset, peak, and conclusion GTs and gelatinization enthalpy than the CA samples (cluster B). Cameron et al. (2007) similarly reported that AR medium-grain rice cultivars exhibited higher GT and gelatinization enthalpy than those from CA, thus suggesting the impact of growing environment and genetics on rice gelatinization properties. The GTs (onset, peak, and conclusion) of cluster A were comparable to those of cluster D, which is represented by Kalijira, Maap, and Morelos, but higher than those of cluster C, which is represented by Arborio and had the lowest GT. The gelatinization profiles of these samples obtained by DSC are illustrated in Figure 3 , together with three U.S. cultivars, Caffey, Jupiter, and Kokuho Rose. Cluster D samples differed from those in cluster A by their lower gelatinization range and enthalpy. The gelatinization range of the samples in cluster D was the narrowest, whereas that of cluster C was the widest.
Cluster C (e.g., Arborio) and cluster A (e.g., Caffey and Jupiter) had the lowest and highest PV, respectively (Table III, Fig. 4) . Cluster D was characterized by high PV, FV, SB, and TSB but considerably low BD viscosities; the opposite was true for the samples in cluster C. Cluster A was distinguished from cluster B by its lower TSB; the other pasting parameters were similar for these two clusters. Clusters A and B were associated with negative SB (i.e., FV < PV), whereas clusters C and D were associated with positive SB (i.e., FV > PV). Fig. 3 . Gelatinization patterns of selected medium-and short-grain rice cultivars obtained by DSC. The cultivars are described in Table I . Fig. 4 . Pasting characteristics of selected medium-and short-grain rice cultivars obtained with a Rapid Visco Analyzer. The cultivars are described in Table I .
Starch Properties and Correlations. Table III also lists the ranges and means for milled rice apparent amylose content (AAC) and amylopectin chain-length distribution of the four clusters. The AAC of the samples in clusters A, B, and C was <20.0%, whereas that of the samples in cluster D was 20.0%. Among cluster A, B, and C samples, AAC was greater for those in cluster C. Caffey, one of the AR samples in cluster A, had the least AAC (9.5%), whereas Sona Masoori, the cluster D sample from India, had the greatest (25.5%). Figure 6 shows the amylopectin chain-length distribution of representative samples from each cluster: Jupiter (cluster A), Kokuho Rose (cluster B), Arborio (cluster C), and Kalijira (cluster D). By convention (Hanashiro et al. 1996) , amylopectin chains were classified by degree of polymerization (DP) into A (DP 6-12), B1 (DP 13-24), B2 (DP 25-36), and B3 (DP 37-65) chains. As shown in Figure 6 , some distinct differences in amylopectin chain-length distribution were observed among the four clusters. The samples in clusters C and D had the greatest and least amount of A chains, respectively. Cluster D had a greater percentage of B1 chains than clusters A, B, or C. Cluster A had greater percentages of B2 and B3 chains than cluster B. Although clusters B, C, and D had comparable percentages of B2 chains, cluster C was distinguished by its lesser percentage of B3 chains.
PC (Fig. 7 ) and bivariate correlation (Table IV) analyses were used to ascertain the impact of starch composition and fine structure on rice gelatinization and pasting properties. Eleven PCs explained the total variation in gelatinization, pasting, and starch structural properties (data not shown). The first and second PCs, with respective Eigen values of 7.2 and 3.9, explained 47.9 and 25.8% of the variation, respectively. Percent A chains was the most important component of PC1 (r = -0.93); that of PC2 was percent B3 chains (r = 0.80). The similarity map (score loadings) of PC1 and PC2 (Fig. 7A ) complemented the groupings obtained by Ward hierarchical cluster analysis in Figure 5 . The six AR samples and Tainong 71 (cluster A) were loaded together on the second quadrant; the five CA samples and three IM samples (cluster B) were clustered close to the x-axis origin; Arborio and the four IM samples from China (cluster C) were grouped on the third quadrant; Morelos and the five South Asian samples (cluster D) were scattered on the first and fourth quadrants.
AAC showed highly significant correlations (P < 0.01; n = 25) with pasting characteristics but not with gelatinization properties (except gelatinization range). It correlated positively with FV, SB, and TSB and negatively with paste BD. These relationships are visually elucidated by the variable loadings of PC1 and PC2 (Fig.  7B) , wherein AAC is loaded together with FV, SB, and TSB on the fourth quadrant, whereas BD was positioned oppositely on the second quadrant. The significant impact of amylose content on rice Table I.   TABLE III  Ranges and Means pasting characteristics has been extensively studied and reported by various authors (Patindol and Wang 2002; Bao et al. 2007; Cameron et al. 2007; Park et al. 2007; Li et al. 2008; Patindol et al. 2009 Patindol et al. , 2014 Chávez-Murillo et al. 2011; Kong et al. 2015) . Present findings on AAC-pasting property relationships are in agreement with the literature, except that AAC did not correlate with PV. Amylose has been known to restrict starch swelling and instigate lower PV. The sample set used in this study may possess a unique combination of amylose-amylopectin structural features so that the impact of amylose on PV was not clearly manifested. Previous chemometric analysis indicated that a combination of at least two fine structure variables dictated the functional properties of milled rice (Patindol et al. 2009 ). Whereas some reports associate high GT and gelatinization enthalpy with high AAC (Patindol et al. 2006; Park et al. 2007; Li et al. 2008; Chávez-Murillo et al. 2011) , such a trend was not observed in the present study and may be attributed to the unique combination of amylose-amylopectin structural features of the rice sample set used. Similarly, Bao et al. (2007) reported that AAC poorly correlated with GT in a sample set that comprised 236 diverse nonwaxy rice cultivars and landraces.
Both bivariate correlation and PC analyses (Table IV , Fig. 7 ) showed that amylopectin fine structure highly correlated with some gelatinization and pasting properties. Percent A chains correlated negatively with GT (onset, peak, and conclusion) and positively with GT range. Percent B1 and B3 chains positively correlated with GT (onset, peak, and conclusion) and negatively with GT range. Percent B2 chains did not correlate with any gelatinization property, whereas gelatinization enthalpy did not correlate with any starch structural feature. PV positively correlated with percent B2 and B3 chains; FV, SB, and TSB correlated negatively with percent A chains and positively with percent B1 chains, whereas BD correlated positively with percent A chains and negatively with percent B1 chains. As reviewed by Wani et al. (2012) , rice gelatinization and pasting properties are controlled by starch composition z n = number of cultivars evaluated; GT = gelatinization temperature; * indicates significant at 95% probability (P < 0.05; n = 25); ** indicates significant at 99% probability (P < 0.01; n = 25); and ns indicates not significant at 95% probability (P < 0.05; n = 25). (amylose-to-amylopectin ratio), granule crystallinity, and amylopectin fine structure (unit chain length, degree of branching, molecular weight, interaction of branch chains, and polydispersity). High levels of short amylopectin chains facilitate gelatinization, whereas long amylopectin chains delay it. Swelling and pasting are properties that are mainly identified with amylopectin fine structure; amylose and lipids restrain these functionalities.
CONCLUSIONS
Rice grain quality is primarily controlled by genetics and environment. Current results reveal some distinct differences among medium-and short-grain rice cultivars from AR, CA, and some other regions of the world. Compared with the CA samples, the AR samples had higher GT and proportion of amylopectin long chains (B2 and B3) but lower whiteness, TSB, and proportion of amylopectin short chains (A chains). A few IM samples (e.g., Arborio and Kalijira) were easily distinguished based on kernel appearance. With the exception of one sample from Taiwan, chemometrics indicated that the IM samples differed from the AR samples in some gelatinization, pasting, and starch properties, and they were grouped into two clusters. One cluster (cluster C) comprised five samples with greater AAC, A chains, B2 chains, SB, and TSB but lesser B3 chains, GT, gelatinization enthalpy, and PV than the AR samples. Another cluster (cluster D) comprised five samples with greater AAC, B1 chains, FV, SB, and TSB but lesser A chains, B2 chains, B3 chains, gelatinization enthalpy, and BD than the AR samples. Rice cultivars of the same grain type and kernel appearance may exhibit different cooking and processing behavior owing to some inherent differences in starch structural features.
